ABSTRACT For inverse synthetic aperture radar imaging, high-quality and real-time performances are two essential indicators in many real applications. Due to the complex motion of the maneuvering target, the Doppler frequency is generally time varying. Consequently, it is difficult for most imaging algorithms to satisfy these two indicators simultaneously. The approaches based on the traditional range-Doppler (RD) algorithm can generally achieve rapid imaging but often encounter image blurring problems while the rangeinstantaneous-Doppler (RID) algorithms can generate high-quality images but at the cost of tremendous computational complexity. Aiming at this issue, we propose a new approach, termed power-weighting Fourier transform-based range-Doppler (PWFT-RD), to achieve a better comprehensive performance of the image quality and computational cost simultaneously. Specifically, we first build up the generalized signal model to describe the target motion with high-order dynamics. Second, we propose the PWFT which has the property of modulating expanded the signal spectrum into a keen-edged envelope. After that, we implement high-accuracy motion compensation (MOCOMP) by formulating the high-order parameter estimation as the least-squares problem and finally develop the PWFT-RD approach. Analysis and comparison experiments are designed to validate the effectiveness of our approach on employing PWFT for improving MOCOMP accuracy and enhancing the azimuth focus quality. In particular, the PWFT-RD approach shows much better real-time performance than RID algorithms thanks to its linear and blind processing attributes with quite low computational complexity.
I. INTRODUCTION
Inverse synthetic Aperture radar (ISAR) utilizes the frequency diversity in range dimension and the angular diversity in cross-range dimension to realize the two-dimensional (2-D) imaging [2] - [4] . It plays an important role in both military and civilian applications. In the past decades, ISAR imaging for the maneuvering target has received much attention by scholars, and many available results have been obtained [5] - [8] .
For many application scenarios, high-quality and realtime imaging are significant prerequisites for target recognition and classification. Most fast imaging approaches are based on the classical range-Doppler (RD) algorithm [9] . According to the RD principle, the primary step before ISAR imaging is the motion compensation (MOCOMP) [10] , [11] . Since only the range profiles are well aligned via the MOCOMP, the scattering points can be well distinguished in the azimuthal direction [12] . After that, the azimuth compression is performed on the well-aligned range profiles, and then a well-focused ISAR image is supposed to be generated. The RD imaging algorithm is based on the assumption that the target has a uniform rotation, and that the Doppler frequency induced by the rotation is constant during the integration time [13] , [14] . Thus, the cross-range profile of a scattering point presents as a single-peak envelope via the azimuth compression. However, when the maneuvering target has a non-uniform rotation, these RD-based imaging approaches encounter image blurring problems. Since the Doppler frequency of each scatterer is time-varying, and the Fourier transform (FT) produces expanded spectrum during the azimuth compression [15] - [17] . Furthermore, if the maneuvering target has high-order radial motion at the same time, it is difficult to achieve sufficient accuracy for highorder parameter estimation and MOCOMP. Since on the one hand, the range profiles generated by traditional range compression tend to present as sharply fluctuated and multipeaked envelops, which undoubtedly brings in great aligned errors. Although the fractional Fourier transform (FrFT) [18] can generate concentrating range profiles [19] - [21] , it is not effective for the signal model with higher order than three. Moreover, the trade-off between the computational cost and the precision of the matched-order must be taken into account. On the other hand, most widely used parameter estimation methods, such as the accumulated crosscorrelation method (ACCM) [22] , the minimum entropy method (MEM) [23] etc., are not suitable for high-order MOCOMP. As the result of insufficient MOCOMP, misaligned range profiles are generated which results in ghost images via the traditional RD algorithm.
To solve the blurring problem caused by the high maneuverability of the target, many range-instantaneous-Doppler (RID) techniques have been proposed to improve the ISAR image quality [24] - [26] . One approach for the implementation of the RID is based on the time-frequency analysis distributions with high concentration and reduced cross-terms, such as the imaging methods based on the short-time Fourier transform (STFT) [27] , the Wigner-Ville distribution (WVD) [28] , [29] , the Cohen class distribution [30] . This kind of algorithms can effectively solve the image blurring problem, but their performances suffer from the trade-off between the time frequency concentration and the cross-terms. Another approach for the implementation of the RID is based on the parameters estimation techniques, where the echo is characterized as multi-component polynomial phase signal (PPS) [31] , [32] after the translational MOCOMP, then the high quality ISAR images can be obtained by the parameters estimation of the received signals. Many corresponding algorithms based on 2-and 3-order PPS's model have been proposed [16] , [17] , [31] such as the imaging algorithms based on the matched Fourier transform [34] , CLEAN dechirping method [35] , the local polynomial Wigner distribution [36] , the Keystone time-chirp rate distribution [37] etc. This kind of RID algorithms still suffers from the high order of nonlinearity and the computational cost. Overall, compared with the RD algorithms, the RID algorithms are effective for generating high-quality images of the maneuvering target, but suffering from the large computational complexity.
Considering the high-quality and the computational complexity simultaneously, we propose a novel signal processing technique called power-weighting Fourier transform (PWFT), and demonstrate the corresponding ISAR imaging approach, PWFT-RD. The major contributions of this work are summarized as follows.
First, aiming at the target with high maneuverability, we build up the high-order signal model as the linear combination of multi-component PPS's, so as to describe the target motion with higher order dynamics.
Second, based on this signal model, we propose a novel signal processing technique: PWFT. By performing the PWFT on the mono-component PPS, the obtained spectrum is shown as a keen-edged and single-peak envelope. That is, the PWFT has the property of modulating the expanded spectrum into a focused waveform. Therefore, it can be used to reduce the range aligned error and improve the focus performance in ISAR imaging.
After that, we propose the PWFT-RD approach by employing the PWFT and combining with the traditional RD algorithm synthetically. Specifically, as the primary step of the PWFT-RD algorithm, a high-order MOCOMP method is developed by formulating the high-order parameter estimation as the least squares (LS) [38] problem. Then combined with the PWFT-based range compression, high accuracy MOCOMP can be achieved. Then we employ the PWFT as the substitution of the traditional FT, to perform azimuth compression and generate high-quality ISAR images.
It is worth mentioning that, the PWFT is a kind of fast and blind processing technology, and neither calculation for matching factors nor complex time-frequency analysis is required. Thus compared with the traditional RD algorithm, the proposed PWFT-RD can generate higher quality ISAR images of the maneuvering target, with almost the same level of computation complexity with the RD; while compared with the RID algorithms, the PWFT-RD performs similar effectiveness on solving the imaging blurring problem, but the computational cost is far smaller than the RID. Therefore, the PWFT-RD is expected to well meet the high-quality and real-time imaging requirements for the maneuvering target. Theoretical analyses and experimental verifications are presented in the following sections. 
II. SYSTEM MODEL
As the convention of radar imaging, the observing target is often considered as an aggregation of strong scattering points, and the phase center is generally selected as the geometry center of the target. Fig. 1 shows a simplified geometry of VOLUME 6, 2018 the 2-D ISAR system. The X axis, in the direction of the radar line of sight (RLOS), is assumed to be along the radial direction, while the Y axis is in the azimuthal direction. Then the baseband echo signal can be described as
where k = 1, · · · , K denotes the scattering points number; A k represents the backward scattering amplitude; f t is the transmitted carrier frequency; c refers to the speed of light in the vacuum; and R k (t) denotes the instantaneous range from the scattering point P k to the radar. Denoting T a as the observing duration, then 0 ≤ t ≤ T a . For the far-field targets, R k (t) can approximately be calculated by
where R t is the instantaneous range from the phase center of the target to the radar, and can be eliminated via translational MOCOMP; x k and y k represent the Cartesian coordinates of P k ; θ t is the instantaneous rotation angle. Without loss of generality, the translational and rotating movement of the maneuvering target can be precisely described in the form of Taylor series as follows
where v i represents the i-th order translational moving parameter, for instance, v 1 is the radial velocity and v 2 is the radial acceleration; ω j represents the j-th order rotation parameter, for instance, ω 1 is the angular speed and ω 2 is the angular acceleration. The values of I and J are determined according to the actual requirement for the accuracy. For the convenience of discussion, the initial distance R 0 and the initial phase angle 0 are ignored during the following derivation process. The angular widths during the coherent processing interval (CPI) are at most 5 • to 6 • , and are generally considered as small. Therefore, the following approximations hold true:
Then the echo signal in (1) can be approximated as
In practical processing, the successive baseband echo signal is often sampled along the fast-time (range) and the slow-time (cross-range /azimuth) dimension, to represent the relative discrete forms of the range direction and the azimuth direction. It is assumed that the step frequency (SF) radar transmits a sequence of N bursts with the transmitting interval T B , and that each burst consists of M narrow frequency band pulses with the sub-pulse repetition interval T s . Then s(t) is sampled at fast-time dimension by m = 0, · · · , M − 1 and slow-time dimension by n = 0, · · · , N −1, respectively. Thus the instantaneous carrier frequency f m = f 0 + m f , where f 0 is the center carrier frequency, and f is the frequency step.
On the one hand, during the fast-time period, the translational motion of the target makes the major contribution to the echo variation. Thus the discrete form of the n-th burst echo signal from the maneuvering target can be expressed as
where c (m, v i ) is the phase term introduced by the translational motion of the target. It presents as the I + 1 orders polynomial of m, and has I unknown coefficients
Then the discrete range echo can be modeled as
where On the other hand, during slow-time period, the echo variation is principally caused by the rotating motion of the target. By supposing that the translational MOCOMP has been done and that all range profiles are well aligned, the sampled echo signal in azimuth direction can be deduced as
where b j = b j (ω j ) represents the j-th order coefficient of the PPS. λ is the wavelength corresponding to the instantaneous frequency in a range bin. It can be seen that the discrete form of azimuth echo of the maneuvering target is also shown as a combination of multi-component PPS's. Since in most practical situations, the rotating motion of the target can be described by 2 orders motion dynamics (ω 1 and ω 2 ), therefore, for this kind of non-uniformly rotating target, the azimuth echo is also modeled as the combination of Chirp signals (i.e., the 2-order case of the PPS).
To sum up, for the maneuvering target with complex translational and rotating movements, both the range and the azimuth echo signals can be modeled as the combination of multi-component PPS's. That is to say, because of the extra frequency components that introduced by the complex motion, the range profile and the cross-range profile of the maneuvering target are certainly presented as broaden spectrums.
III. PRINCIPLE OF PWFT
In order to deal with the expanded spectrum of complex phase signal, we propose a new signal processing technique called power weighting Fourier transform (PWFT).
Definition 1: Considering a finite time signal x(t) (0 ≤ t < T ) and an integer η, the η-order power-weighting Fourier transform (PWFT) of the signal is defined as (10) where F[·] denotes the FT operator. In fact, the PWFT is derived from the differential property of the FT, and the FT is the particular case of the 0-order PWFT. The Chirp signal is the typical 2-order PPS signal, and it is the basic signal form in radar signal processing. To simplify the derivation and demonstration, we take the Chirp signal as the representative of the PPS for further illustration of the PWFT property. The PWFT of the higher order PPS can be calculated according to (10) .
Then considering the Chirp signal
where k 2 = 0 is the Chirp rate. Denoting the Fourier transformation of x(t) as X 0 (ω), then the 1-order PWFT of the Chirp signal is
where
As shown in (12) , the envelope of the 1-order PWFT can be perceived as the modulation of the original FT spectrum by a linear function A(ω). In detail, the slope of the modulation function is associated to the Chirp rate k 2 , and the intercept on the frequency axis corresponds to the initial frequency k 1 .
With regards to the higher order case of η > 1, by rewriting ω (t) = k 1 t + k 2 t 2 − ωt for convenience, the η-order PWFT of the Chirp signal can be deduced as
. (14) In (14), there is a recursive expression of the high-order PWFT as
Then we can obtain the 2-order PWFT as
That is, the envelope of the 2-order PWFT is obtained by quadratic function modulation of the FT spectrum of the original signal. By extending to more general case, X η (ω) can be obtained by η-order amplitude modulation of X 0 (ω). Therefore, we generalize the relationship between the η-order PWFT and the FT of the original Chirp signal as
where ϒ(ω) contains the residual lower order components of the spectral function and has no decisive influence on the envelope shape. η (ω) is the kernel modulation function and is described as
It can be seen that, η (ω) is an η-order power function. Its intercept on the frequency axis is k 1 , and the magnification ratio is 1/(2 k 2 ) η . Fig. 2 shows the spectrums of a single component Chirp signal. As shown, the FT spectrum of the Chirp signal has a certain bandwidth due to the non-zero Chirp rate; while each PWFT spectrum presents the envelope with a sharp single-peak and sticks out the strongest trip-point. From a point of physical interpretation, the PWFT technique has the property of sharpening the expanded spectrum of complex time-frequency signal into a keen-edged envelope. Moreover, the higher order PWFT performs better modulation effect than the lower order processing. But this does not imply that the higher the order, the better the performance. Actually, the PWFT can be viewed as a kind of unconventional ''windowing'' processing and it inevitably reduces some portion of the signal power. This reduction in signal power is often formulated by the coherent power gain. Intuitively, the coherent power gain indicates the proportional relationship between the area under the PWFT spectrum and the FT spectrum in Fig. 2 . Thus, the coherent power gain of the η-order PWFT can be defined as
Then for the Chirp signal, the coherent power gain of its η-order PWFT is inversely proportional to the 2η power of the Chirp rate
Therefore, appropriate order of the PWFT is important for achieving the modulation purpose and maintaining the signal power simultaneously. According to the specific application, the determination of the appropriate order will be discussed in the experiment section.
IV. PWFT-RD
As analyzed in Section II, due to the high maneuverability of the target, both the discrete range echo and the azimuth echo can be modeled as multi-component PPS's. Accordingly, both the range profiles and the cross-range profiles generated by the traditional FT-based compression appear as expanded spectrums. As a result, it brings great challenges for the RD imaging. Since on the one hand, it is difficult to achieve sufficient accuracy for high-order MOCOMP; on the other hand, the increased Doppler frequencies result in severe image defocusing via traditional azimuth compression.
Since the proposed PWFT technique can modulate the expanded spectrum into a keen-edged waveform, it can be employed to modulate the expanded range profiles and crossrange profiles. So in this section, we propose a PWFT-based range-Doppler (PWFT-RD) imaging approach to demonstrate the application of the PWFT.
First, the PWFT can be used for range compression to improve MOCOMP accuracy. Compared with the widely used FT and the FrFT, the PWFT can generate more concentrated range profiles, and only introduces a plain computational complexity as O(M log 2 M + M ), which is much lower than that by the FrFT. After that, many estimation methods can be performed on the generated range profiles to implement the MOCOMP and range alignment.
It should be noted that, the MOCOMP based on 1-order parameter estimation has been well investigated and widely used. To achieve high-accuracy MOCOMP, here we develop a high-order MOCOMP method by formulating the parameters estimation as the least squares problem.
Second, the PWFT can be used for azimuth compression to improve the focus performance. On the one hand, insufficient MOCOMP introduces misaligned range profiles for azimuth compression, which gives birth to ghost images; on the other hand, non-uniformly rotating of the target introduces timevary Doppler frequency, which leads to point tailings in azimuth direction. In both the two cases, the cross-range profiles generated by the FT-based azimuth compression present as expanded spectrums. Thus after the azimuth compression via the traditional FT, the obtained image will encounter the defocus problem. Therefore, we employ the PWFT to sharpen the cross-range profiles.
A. HIGH-ORDER MOCOMP BASED LS ESTIMATION
Here we present a LS estimation method to realize high-order parameter estimation of the observing target. Denoting the set of range profiles generated by the PWFT range compression as {RP n }, and the range shift between the n-th range profile RP n and the reference range profile (generally the first one RP 1 ) as R n1 . Then the following mathematical relationship between the motion parameters and the range shifts can be established as (21) , as shown at the bottom of the next page.
By rewriting the above three matrices as ∈ R (N −1)×I , V ∈ R I , and Y ∈ R (N −1) , then (21) can be simplified as
where represents the time interval matrix, and Y represents the range shifts matrix. These two matrices are known data. The parameter matrix V , including I orders of the motion parameters, need to be estimated. Then the parameter estimation can be formulated as the LS problem min
By solving this LS problem, high-order parameter estimated and MOCOMP based the PWFT can be completed. The main procedure of the PWFT-based high-order MOCOMP is simply listed as follows:
Step 1: Sample the baseband echo signal to form the data array E s in size of M × N .
Step 2: Perform the range compression on E s by column (range dimension) by the PWFT, then generate the set of range profiles {RP n }.
Step 3: Select the first range profile RP 1 as the reference one, and calculate the cross-correlations [39] by
where FFT(·) and IFFT(·) denote the fast Fourier transform and the inverse fast Fourier transform operations, respectively; and (·) * is the complex conjugation of a matrix.
Step 4: Collect the range shifts set { R n1 } by searching peak values of the obtained {CCR n }, and form the range shift matrix {Y | y n = R n1 , n = 1, · · · , N − 1.}.
Step 5: Formulate the time interval matrix , the range shift matrix Y and the parameter matrix V as the LS problem as shown in (23).
Step 6: Solve the LS problem to figure out the I orders translational motion parameters.
Step 7: Perform the translational MOCOMP via multiplying E s by the following compensation factor
wherev i ∈ V , and i = 1, · · · , I . It is worth mentioning that, the value of I can be determined according to the accuracy requirement. In real application scenarios, the order of the target motion parameters is always much smaller than the number of the range profiles, i.e., I << N . Actually, I = 2 is applicable for most real cases. Therefore, the LS problem is always full rank.
B. PWFT-RD IMAGING APPROACH
Based on the RD principle, the PWFT-RD imaging approach combines the PWFT-based range compression, the highorder MOCOMP and the PWFT-based azimuth compression together. The flow chart of the PWFT-RD is shown in Fig. 3 , and the whole procedure is simply illustrated as follows.
Step 1: Sample the baseband echo signal of the target to form the data array E s in size of M × N .
Step 2: Perform range compression on E s by column (range dimension) via the PWFT, and generate the set of range profiles {RP n }. Step 3: Perform parameter estimation method on the generated range profiles and obtain the translational motion dynamics. Specifically, the well-used ACCM is suggested for 1-order estimation, while the LS-based method is more suitable for high-order parameter estimation.
Step 4: Perform the translational motion compensation, including range alignment and phase adjustment.
Step 5: Perform cross-range compression on the aligned range profiles via the PWFT, and then generate the well-focused ISAR image.
V. EXPERIMENTS VERIFICATION
According to the proposed PWFT-RD approach, the PWFT technique is expected to benefit for improving the MOCOMP
. . .
accuracy and enhancing the azimuth focusing performance with small computational cost. So in this Section, experiments based on simulation data and real data are given to demonstrate the performance of the proposed work. In the first subsection, experiments based on simulated data are designed to analyze the effectiveness of the PWFT technique in detail. In the second subsection, experiment based on real data is demonstrated to verify the advantage of the PWFT-RD imaging approach. The performance comparison with the time-frequency method is performed from the perspectives of image quality and execution time. 
A. SIMULATION DATA
All the simulated experiments in this subsection are based on the hypothetical target as shown in Fig. 4 . The radar system transmits the SF signal. During the CPI, the radar transmits 128 bursts and each burst consists of 128 narrow band pulses. Other parameters of the radar system are as follows: the carrier frequency is 8 GHz, the bandwidth is 384 MHz, the pulse repetition frequency (PRF) is 14.5 KHz.
1) EFFICIENCY ON RANGE COMPRESSION
Firstly, a numerical example is set to demonstrate the efficiency of the PWFT-based range compression. We simulated the echo signal scattered from the 65-th and the 107-th points of the target in Fig. 4 . The target has 2-order translational motion. Fig. 5 (a) and (b) show the range compression results by the FT and the PWFT, respectively. For a better waveform quality, the 8 times interpolation technique is used.
As shown in Fig. 5 (a) , the range profiles generated by the FT present very noisy multi-peak envelopes, which undoubtedly bring large errors for range alignment; while in Fig. 5(b) , the profiles generated by the PWFT are keen-edged and can stick out the scattering points clearly, and the noises are well suppressed.
Since the LS-based method for high-order parameters estimation is not the focus to be emphasized in this paper, the comparison analysis between parameter estimation methods will be discussed in our future work. To highlight the effectiveness of the advantage of the PWFT on range compression, the following experiment compares the performance of three range compression methods (i.e. the FT, the FrFT and the PWFT) on estimating the 1-order translational parameter. Due to the low complexity and being easy to implement, the widely used ACCM is employed to combine with these three range compression manners. The three parameter estimation approaches are denoted as the FT-ACCM, the FrFT-ACCM, and the PWFT-ACCM, respectively. Fig. 6 shows the mean square error (MSE) curves. Meanwhile, as the computational cost is the key affecting factor for real-time performance, Fig. 7 depicts their computational cost curves correspondingly. In this simulation, we set the accumulation number as 8 for ACCM, to avoid introducing the migration through resolution cell (MTRC) [40] ; the precision of searching for the FrFT matched-order as 10 −2 , and the Monte-Carlo number is 200. As for the target, the velocity is v 1 = 50 m/s, the angular speed ω 1 = 0.03 rad/s, and the angular acceleration ω 2 = 0.001 rad/s 2 . It can be seen that, the PWFT-ACCM has smaller MSE than the methods by other two range compression manners. But its computational complexity is quite similar to the FT-based methods and is much smaller than the FrFT.
To sum up, the PWFT-based range compression can effectively improve the parameter estimation and MOCOMP performance, but yields to very low computational cost.
2) EFFICIENCY ON AZIMUTH FOCUSING
In this part, related experiments are demonstrated to verify the effectiveness of the PWFT on image focus quality. Fig. 8 shows the cross-range profiles generated by the FT and the PWFT compression. The simulated echo data is scattered from the 107-th point in Fig. 4 , and the target is supposed to have 3 orders rotating parameters. It is clear that the PWFT effectively sharpens the width of the expanded spectrum, and makes the focal point stand out. Then we observe the experimental response of the scattering point to verify the effectiveness of the PWFT on azimuth focusing. We assume that the translational MOCOMP has been implemented, and the rotation parameters are To analyze the focus effect of the PWFT quantitatively, Fig. 10 depicts the Peak Side Lobe Ratio (PSLR) curves corresponding to different orders of the PWFT compression. To enhance the visual quality, an 8-time interpolation processing is implemented. As shown, the decibel value of the maximum side lobe level (SLL) produced by the 1-order PWFT is about 3 dB lower than that by the FT, which demonstrates that the PWFT can effectively suppress the side lobe effect.
It also can be seen that, as the order of PWFT increasing, the decibel values of their SLL decrease at a cer-TABLE 1. Image entropies in Fig. 11 and Fig. 12. tain interval simultaneously. But this does not mean that the higher the order the better the performance. As previously discussed, higher PWFT order means more power reduction of the original signal. Actually, immoderate high order may lead to distortion of the original information on the contrary, as shown by the curve of 9-order. Considering the effect on suppressing the SLL, we generally adopt the value of η from 1 to 3 to get a well-focused image.
In addition, it is worth noting that due to the asymmetric waveform modulation via the PWFT, there is a location shift for each scattering point during azimuth compression. Therefore, the obtained image obtained by the PWFT-based azimuth compression appears to be shifted to one side. So during the azimuth scaling procedure, the location shift should be adjusted accordingly.
As previous analyzed, the blurring problem during azimuth compression processing is mainly caused from two aspects: (1) scattering point tailings in azimuth direction caused by the non-uniformly rotation; (2) image ghosting resulted from inadequate translational MOCOMP. Therefore, the next two experiments on the fictitious target are demonstrated from those two aspects.
First, we analyze the case of high-order rotation. Fig. 11 shows the simulation results for the high-order rotating case.
The rotation parameters are as follows: ω 1 = 0.06 rad/s, ω 2 = 0.008 rad/s 2 . The initial phase angle is 0 = 45 • . In this case, the rotating motion of the target induces scattering points tailing in azimuth direction. Especially for those scattering points far from the phase center, such as the nose, the wings, and the tail of the plane, as shown in Fig. 11 (a) . While the image generated by the 1-order PWFT azimuth compression presents good focusing performance as shown in Fig. 11 (b) .
Second, we simulate another case of the image blurring problem caused by inadequate MOCOMP. In this case, the translational acceleration v 2 is assumed not to be estimated. The parameters are set to be: ω 1 = 0.06 rad/s, 0 = 60 • , v 2 = 0.2 m/s 2 . Fig. 12 shows the simulation results. It can be seen that the FT-based imaging encounters severe blurring problem for the inadequate MOCOMP case, while the 2-order PWFT processing can effectively solve this problem.
To evaluate the image quality quantitatively, the entropy values for the images in Fig. 11 and Fig. 12 are listed in Table 1 . As is known, the smaller entropy value means better quality. It can be seen that, for both the above two cases, the images generated by the PWFT azimuth compression show prominent focus performance. That is, the PWFT has remarkable effectiveness to solve the image blurring problems.
B. REAL DATA
The above experiments based on the simulated target have verified the effectiveness of the PWFT for high-quality imaging. In this subsection, real plane data are used to compare the performance of the PWFT-based RD approach and the time-frequency based RID approach.
To objectively compare the real-time performance with the time-frequency based approach, all the experiments are executed under the same run-time environment. The system configurations of the computer are as follows:
• Intel Core i5-6200U @ 2.40 GHz
• 64 bit Windows 10 Operating System The real plane experiment is performed by using the measured data of the Yak-42. The parameters are as follows: the Chirp radar transmits 256 pulses with the PRF = 400 HZ, each pulse is sampled by 256 points, the carrier frequency is 5.52 GHz, the bandwidth is 400 MHz, the translational velocity is set to be 200 m/s and the acceleration is 2 m/s 2 .
In the case of the high-order maneuvering moving and rough MOCOMP (only the 1-order parameter is estimated, the acceleration is not estimated), the image generated via the traditional RD approach is visibly blurred, as shown in Fig. 13(a) ; while under the same MOCOMP condition (we set I = 1 for LS estimation), the image generated via the PWFT-based RD approach is shown in Fig. 13 (b) . Furthermore, by setting higher accuracy (I = 2) for MOCOMP, the PWFT-RD generates the ISAR image in Fig. 13(c) . At last, the WVD is employed as the representation of time-frequency technique. As a comparison, Fig. 13(d) shows the image that is directly generated by the time-frequency method without any MOCOMP processing. This image is the 200-th slice via the RID approach combined with the smoothed pseudo Wigner-Ville time-frequency distribution (SPWVD).
The entropy values of the images are listed in Table 2 . Meanwhile, the corresponding execution time and the time complexity (in simplest form) for each approach are also presented in the table. From the view of intuitive appearances and the entropy values, Fig. 13 (b) and (c) present similar quality with Fig. 13 (d) . However, under the same experimental environment, the time-frequency method spends minutelevel running time to get the image, while the PWFT-RD method only demand sub-second level time. And theoretically, the proposed approach has the same level complexity with the RD approach and is far smaller than the RID approach. That is to say, the proposed approach is verified to be a high-quality and low-complexity imaging approach for maneuvering target. There is no doubt that, under a more advanced operating environment, the proposed method can better meet the requirement of real-time imaging and target recognition than the time-frequency methods.
VI. CONCLUSION
In this paper, a high-quality and low-complexity approach, PWFT-RD, is proposed for maneuvering target imaging. The PWFT-RD covers the applications of the PWFT on highaccuracy MOCOMP and azimuth focusing. Experiments based on simulated and real data verified the validity and the effectiveness of the proposed work. Since the PWFT has the property of modulating the expanded spectrum into a keen-edged envelope, the PWFT-RD is proved to be effective on solving the imaging blurring problems caused by high maneuverability of the target. Moreover, since the PWFT is a kind of blind and linear processing technique and neither calculation for matching factors nor time-frequency analysis are required, only extremely low computational cost is introduced. Thus, the PWFT-RD imaging approach can achieve high-quality and real-time imaging for maneuvering target. The proposed work is well suited to the application scenario of rapid recognition and classification of the target.
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